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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  A  semi-closed  tube  dye  sensitized 
solar  cell  serves  as  a  light-trapping. 

•  The  solar  cell  shows  relatively  stable 
efficiency  in  wide  light  intensity 
range. 

•  The  light  absorption  is  calculated 
with  Fresnel  equation  and  iterative 
approach. 

•  The  optical  paths  in  light-trapping 
are  clearly  presented. 

•  The  solar  cell  has  potential  as  effec¬ 
tive  collector  in  converged  light 
system. 
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A  semi-closed  tubular  light-trapping  geometry  is  developed  for  dye  sensitized  solar  cell  to  stabilize  its 
power  conversion  efficiency  (PCE)  in  wide  light  intensity  range.  The  tubular  cell  consists  of  a  dye- 
sensitized  porous  Ti02  coated  and  semi-closed  glass  tube  as  photoanode,  an  opaque  platinum  metal 
foil  wrapped  on  the  outside  of  photoanode  as  counter  electrode,  and  electrolyte  filling  in  their  interlayer. 
The  open  end  of  photoanode  serves  as  the  only  light  entrance.  The  experiment,  calculation  and  optical 
studies  demonstrated  that  the  tubular  geometry  is  beneficial  to  light  trapping  and  absorption,  charge 
transport  and  heat  dissipation,  in  comparison  to  a  planar  counterpart.  The  PCE  of  tubular  cell  can  remain 
about  85%  of  its  original  value  even  if  the  irradiated  light  intensity  increases  from  1  to  5  Sun,  in  contrast, 
that  of  planar  counterpart  decreases  to  about  60%  of  its  original  value.  This  feature  makes  the  tubular  cell 
has  potential  as  an  effective  light  collector  in  low-cost  condenser  solar  cell  system. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  photoelectric  conversion  has  been  one  of  attractive 
methods  to  generate  clean  energy  instead  of  the  conventional 
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of  solar  cells,  such  as  dye  sensitized  solar  cells  (DSSCs)  [1,2], 
organic  solar  cells  [3,4]  and  perovskite  solar  cells  5],  have  been 
explored.  Improvement  of  their  power  conversion  efficiency  (PCE) 
is  one  of  persistent  research  interests.  In  practical  applications, 
more  output  electric  power  generally  needs  expensive  large-scale 
solar  cells  to  harvest  more  light.  In  contrast,  converging  large- 
scale  lights  on  a  small-scale  solar  cell  is  one  of  low-cost  methods 
[6].  It  can  be  carried  out  by  bifacial  irradiation,  diffuse  reflection 
technologies  [7,8]  or  a  condenser  solar  cell  system  [9,10].  A  typical 
condenser  solar  cell  system  consists  of  several  elements,  essen¬ 
tially  including  an  optical  condenser,  collector,  thermal  dissipation 
equipment,  support  equipment  and  tracking  equipment.  The 
condenser  could  be  either  reflective  or  refractive  with  large  irra¬ 
diated  area  for  converging  sunlight,  and  the  collector  is  a  solar  cell 
for  conversion  of  light  energy  into  electric  energy  [11  ].  Many  types 
of  solar  cells  are  appropriate  as  collector  in  this  system  [11,12]. 
However,  in  the  case  of  intense  illumination,  the  solar  cell  col¬ 
lector  suffers  several  problems.  Many  irradiated  light  will  be  lost 
by  light  reflection  or  penetration  [13].  The  charge  diffusion  in 
electrochemical  solar  cell  will  be  limited  [14].  In  addition,  large 
amount  of  heat  will  be  generated  [12,15].  These  problems  will  low 
down  the  PCE  of  solar  cell,  and  then  reduce  the  total  energy 
harvest  of  system. 

In  the  study  of  DSSC,  a  series  of  works  are  reported  to  stabilize 
the  PCE  of  cell  in  intense  illumination.  Many  works  are  carried  out 
for  common  cells  in  planar  geometry.  The  avoiding  irradiated  light 
loss  is  one  of  the  main  methods.  Two  planar  DSSCs  are  proposed  to 
form  a  laminated  structure  for  reusing  the  light  penetrating 
through  cell  [16],  and  a  extra  light  scattering  layer  is  introduced  on 
photoanode  for  reflecting  light  back  [9].  In  addition,  charge 
recombination  is  proposed  an  important  affecting  factor  on  cell 
performance  in  intense  light  intensity  [17-19].  On  the  other  hand, 
some  related  works  have  been  reported  for  avoiding  light  loss  in 
the  case  of  1  Sun  illumination  (100  mW  cm-2).  They  are  available 
references  for  the  study  in  intense  illumination.  An  antireflection 
layer  is  proposed  to  be  coated  on  the  irradiated  side  of  cell  [20-22]. 
A  reflector  layer  is  proposed  to  be  coated  below  the  cell  [23].  The 
light  absorption  layer  in  photoanode  is  proposed  to  form  a  three- 
dimensional  light-trapping  nanostructure,  such  as  microcavity— 
embedded  structure  [13],  photonic  crystal  structure  [24]  and 
plasmon  resonance  structures  [25].  The  light-trapping  nano¬ 
structure  reveals  promising  prospect.  The  calculated  result  reveals 
that  the  light-trapping  of  photonic  crystal  can  even  provide  at  least 
a  factor  of  one-third  enhancement  in  solar  light  absorption  and 
PCE  relative  to  the  conventional  counterparts  [26].  However,  the 
preparation  processes  of  these  light-trapping  nanostructures  are 
relatively  complex.  A  simpler  method  to  form  light-trapping  is  re¬ 
ported.  It  is  carried  out  by  directly  changing  cell  geometry  from 
planar  to  curve.  The  reported  main  curve  geometry  for  DSSC  is  fiber 
and  tube  to  our  knowledge  [27,28].  In  1  Sun  illumination,  the  fiber 
light-trapping  geometry  is  demonstrated  beneficial  to  light  ab¬ 
sorption  when  one  of  its  ends  is  irradiated  [29,30].  Tubular  DSSCs 
with  side  irradiations  were  reported  in  literature  [31,32].  However, 
light-trapping  effect  is  not  fully  demonstrated  in  those  tubular 
DSSCs.  For  lower  cost  and  higher  energy  harvest  in  condenser  solar 
cell  system,  this  type  of  simple  light-trapping  geometry  solar  cell  is 
required,  and  investigation  on  its  light-trapping  and  photocurrent 
density— voltage  (J—V)  characteristics  at  intense  light  intensity 
condition  is  necessary. 

In  this  paper,  a  semi-closed  tubular  geometry  is  developed  for 
DSSC  device.  The  tubular  cell  (TCell)  consists  of  a  dye-sensitized 
porous  Ti02  coated  and  semi-closed  glass  tube  as  photoanode,  an 
opaque  platinum  (Pt)  metal  foil  wrapped  on  the  outside  of 
photoanode  as  counter  electrode  (CE),  and  electrolyte  filling  in 
their  interlayer.  The  open  end  of  photoanode  serves  as  the  only 


light  entrance.  The  effects  of  tubular  feature  such  as  the  thick¬ 
ness  and  length  of  porous  TiC^  layer  (PTL),  as  well  as  light  inci¬ 
dence  angle  on  cell  PCE  are  discussed  based  on  experiment, 
calculation  and  optical  path  studies.  The  semi-closed  tubular 
light-trapping  geometry  is  demonstrated  beneficial  to  light  ab¬ 
sorption,  charge  transport  and  heat  dissipation,  in  comparison  to 
a  planar  counterpart.  Even  if  the  light  intensity  increases  from  1 
to  5  Sun,  the  PCE  of  TCell  can  remain  about  85%  of  its  original 
value,  in  contrast,  that  of  planar  counterpart  decreases  to  about 
60%  of  its  original  value.  Such  feature  makes  the  TCell  has  po¬ 
tential  as  an  effective  collector  in  economical  condenser  solar  cell 
system. 

2.  Materials  and  methods 

2.1.  Materials 

Tetrabutyl  titanate,  diethanol  amine,  ethanol,  hydrochloric  acid, 
nitric  acid,  glacial  acetic  acid,  polyethylene  glycol,  acetonitrile  and 
valeronitrile  were  obtained  from  Sinopharm  Chemical  Reagent 
Corporation  (China),  l-methyl-3-propyl  imidazolium  iodide  (PMII), 
Iodine  (h),  4-tert-butylpyridine  (TBP)  and  guanidine  thiocyanate 
(GuSCN)  were  purchased  from  Aladdin-reagent.  The  Ru  dye  of  (cis- 
di(thiocyanato)-  N-N/-bis(2,2'-bipyridyl  -4-carboxylic  acid-4  -tet- 
rabutylammonium  carboxylate)  ruthenium  (II)  (N719)  was  pur¬ 
chased  from  Solaronix  (Switzerland).  Lithium  iodide  (Lil,  99.99%) 
and  titanium  isopropoxide  were  obtained  from  Acros.  All  the  re¬ 
agents  not  indicated  were  of  analytical  purity.  Glass  tubes  with  a 
closed  hemispherical  end  were  obtained  from  Chemglass.  The  in¬ 
ner  diameter,  wall  and  outer  diameter  of  the  tube  are  0.8,  0.25  and 
1.3  mm,  respectively. 

2.2.  Preparation  of  DSSC 

2.2.1.  Preparation  of  tubular  DSSCs 

A  tubular  photoanode  is  fabricated  as  follow.  In  advance,  a  dense 
Ti02  sol  and  a  porous  sol  were  prepared  with  a  method  referring  to 
literature  [33,34],  and  glass  tubes  were  cleaned  in  ultrasonic  bath 
with  ethanol,  acetone  and  deionized  water  in  sequence.  Then,  an 
indium  tin  oxide  (ITO)  film  was  deposited  on  the  entire  outer  sur¬ 
face  of  tube  by  a  magnetron  sputtering  system.  After  a  layer  of 
dense  Ti02  sol  was  coated  on  the  tube  with  dip-coating  method, 
the  sample  was  sintered  at  500  °C  for  15  min,  and  then  a  dense  Ti02 
layer  (DTL)  is  obtained.  When  the  sample  was  cooled  down  to  room 
temperature,  a  layer  of  porous  Ti02  sol  was  coated  on  the  tube  with 
dip-coating  method.  After  the  sample  was  sintered  at  500  °C  for 
15  min,  a  PTL  was  obtained.  The  PTL  thickness  can  be  controlled  by 
the  concentration  of  porous  Ti02  sol  and  repetitive  times  of  the 
coating  and  sintering  procedures.  Finally,  the  electrodes  were 
rinsed  with  ethanol  and  then  dipped  into  0.3  mM  N719  ethanol 
solution  at  60  °C  for  12  h. 

A  TCell  is  assembled  as  follow.  Firstly,  a  thin  copper  wire  was 
twined  on  the  ITO  layer  on  photoanode,  and  then  wrapped  by  a 
Teflon  tape.  This  copper  wire  serves  as  a  test  connector  for  pho¬ 
toanode.  Then,  a  Pt  foil  of  0.05  mm  thickness,  served  as  CE,  was 
rolled  on  the  entire  photoanode  including  its  closed  end.  Another 
thin  copper  wire  was  twined  on  the  Pt  foil,  and  then  wrapped  by 
a  Teflon  tape.  It  acts  as  a  test  connector  for  CE.  When  the  elec¬ 
trolyte  was  dropped  into  the  interface  of  photoanode  and  CE, 
these  wrapped  components  were  inserted  into  another  semi- 
closed  glass  tube  with  relatively  larger  inner  diameter,  which 
was  just  used  as  an  outer  seal  container.  Finally,  the  joint  between 
the  two  tubes  at  the  opening  end  part  was  sealed  with  ethoxyline 
resin. 
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2.2.2.  Preparation  of  planar  DSSCs 

A  planar  photoanode  is  fabricated  with  the  same  working 
procedures  as  those  described  for  TCells.  The  only  difference  is 
that  the  planar  photoanode  employs  planar  substrate,  which  is 
planar  glass  coated  by  transparent  conducting  oxide  (TCO)  layer, 
such  as  ITO  or  fluorine  doped  tin  oxide  (FTO)  layer.  A  PCell  is 
assembled  as  follow.  Firstly,  its  photoanode  and  CE  are  tightly  put 
together.  Then,  the  electrolyte  was  dropped  into  their  interface. 
Lastly,  the  edge  between  photoanode  and  CE  is  sealed  with 
ethoxyline  resin. 

2.3.  Characteristics 

The  morphology  and  structure  were  investigated  by  using  a 
scanning  electron  microscopy  (Sirion  SEM,  FEI,  Netherlands).  The 
transmission  spectrum  of  film  was  measured  by  an  ultraviolet- 
visible-near  infrared  radiation  spectro-photometer  (CARY  5000, 
Varian,  Australia)  in  the  300-900  nm  wavelength  range  at  room 
temperature.  The  sheet  resistance  of  ITO  was  measured  by  a  four 
point  probe  method.  The  J—V  characteristics  of  DSSC  devices  were 
measured  using  an  AM1.5G  standard  Newport  No.  96000  Solar 
Simulator.  The  illumination  intensity  can  be  tuned  by  adjusting 
the  input  current  of  solar  simulator.  Current  voltage  characteris¬ 
tics  were  collected  using  a  Keithley  2400  source  measurement 
unit. 

In  J—V  test,  the  location  of  light  source  is  invariable,  and  the 
different  light  incidence  angle  (6)  is  formed  by  different  gradient  of 
tested  device.  For  clear  presentation,  the  test  posture  for  TCells  is 
drawn  in  Fig.  1(a).  With  this  irradiation  method,  the  opening  end  of 
TCell  serves  as  the  only  light  entrance,  because  the  entire  tube  wall 
is  shielded  by  opaque  Pt  CE.  At  different  0  values,  the  irradiated  area 
for  calculation  of  photocurrent  density  is  defined  as  a  constant.  The 
value  is  the  cross  section  area  of  the  photoanode  hole  at  the 
opening  part,  and  it  is  5.0  x  10-3  cm2.  This  irradiated  area  is  signed 
in  shaded  in  Fig.  1(b)  for  clear  exhibition.  The  test  posture  for  PCells 
is  shown  in  Fig.  1(c),  where  the  6  is  formed  with  the  same  method 
as  that  discribed  for  TCells.  A  PCell  is  covered  by  a  metal  mask  with 
a  round  light  hole.  The  irradiated  area  for  PCell  depends  on  the  area 
of  hole.  Here,  the  irradiated  area  for  PCell  is  also  5.0  x  10-3  cm2, 
which  is  the  same  as  that  of  TCell. 

Electrochemical  impedance  spectroscopy  (EIS)  was  performed 
with  a  frequency  ranging  from  100  kHz  to  0.1  Hz  at  open-circuit 
potential  by  using  a  CHI  660D  electrochemical  workstation 
(Shanghai,  China).  The  cell  position  in  the  EIS  measurement  is  the 
same  as  that  of  J—V  measurement.  The  electrolyte  is  the  same  for 
both  J—V  and  EIS  measurements.  It  is  a  solution  of  1  M  PMII,  0.04  M 
Lil,  0.03  M  I2,  0.1  M  GuSCN  and  0.5  M  TBP  in  a  mixture  of  aceto¬ 
nitrile  and  valeronitrile  (volume  ratio,  85:15). 


3.  Calculation 

The  light  absorption  power  of  tube  wall  is  calculated  with  a 
method  described  as  follows.  The  effects  from  two  optical  in¬ 
terfaces  are  studied.  One  interface  is  between  air  and  glass  layer, 
and  another  is  between  glass  and  ITO  layers.  At  each  interface,  light 
reflection  and  refraction  both  occur,  and  the  reflection  and  refrac¬ 
tion  light  share  the  total  power  of  incidence  light.  The  light  power 
segmentation  is  calculated  based  on  Fresnel  equation  and  iterative 
approach.  The  different  6  value  signifies  different  share  ratios.  The 
detailed  calculation  process  has  been  presented  in  our  previous 
reported  work  [35-37].  The  light  power  absorbed  by  PTL  indicates 
the  effective  light  absorption  power  of  device  (Pa).  It  is  given  by 
Pa  =  Pin-Pout-Ploss*  The  Pin  and  Pout  indicate  the  light  powers 
which  enter  tube  cavity  from  the  irradiated  end  and  that  exits  from 
the  rear  opening  end,  respectively.  The  Ploss  indicates  the  losing 
light  power,  which  is  the  light  power  absorbed  by  glass  or  ITO  layers 
[36].  The  PiN  is  given  by  Pin  =  Pirra  costf,  where  the  PiRRA  is  the 
irradiated  light  intensity  generated  by  the  Solar  Simulator. 
Compared  to  Pin  or  Pout  value,  the  Ploss  value  is  much  smaller  [36], 
so  the  Ploss  value  is  ignored  in  the  PA  calculation  and  the  Pa  value  is 
just  expressed  as  Pa  =  Pin-Pout- 


4.  Results  and  discussion 

4.1.  The  description  of  TCell 

An  as-fabricated  TCell  device  consists  of  two  nested  semi- 
closed  glass  tubes.  The  inner  tube  serves  as  photoanode  substrate 
and  outer  tube  is  just  for  encapsulation.  As  shown  in  Fig.  2(a),  the 
photoanode  including  its  closed  end  are  entirely  wrapped  by  Pt  CE. 
The  functional  layers  from  the  inner  to  outer  in  the  device  are  ITO, 
DTL,  dye/PTL,  electrolyte  and  Pt  in  sequence,  as  shown  in  Fig.  2(b).  A 
series  of  dyed-sensitized  photoanodes  with  different  tube  lengths 
are  photographed  and  shown  in  Fig.  2(c).  It  is  clear  that  both  tube 
wall  and  closed  end  part  are  entirely  dyed,  indicating  they  are  both 
effective  working  regions  of  cell.  A  real  sealed  device  is  shown  in 
Fig.  2(d). 

The  cross  section  of  a  tubular  photoanode  is  observed  by  a  SEM 
system  as  shown  in  Fig.  3(a).  The  functional  layers  can  be  distin¬ 
guished.  The  thicknesses  of  ITO  layer,  DTL  and  PTL  are  measured  to 
be  about  189.4  nm,  94.7  nm  and  3.3  pm,  respectively.  The  ITO  film 
with  the  same  thickness  is  deposited  on  a  glass  slide  for  verification 
of  its  optical  and  electrical  properties.  Fig.  3(b)  shows  the  trans¬ 
mission  spectrum  of  this  ITO  film  on  glass  slide.  This  spectrum 


Fig.  1.  (a)  The  posture  for  TCells  under  J—V  test  with  light  incidence  angle  of  6.  (b)  The 
cross-section  diagram  of  a  glass  tube.  The  shaded  region  indicates  the  irradiated  area, 
(c)  The  posture  for  PCells  under  J—V  test  with  light  incidence  angle  of  6. 


Fig.  2.  (a)  Configuration  diagram  for  a  TCell.  (b)  The  detailed  formation  diagram  for  a 
TCell.  (c)  A  photograph  of  dye  sensitized  tubular  photoanodes  with  different  tube 
lengths,  (d)  A  photograph  of  a  sealed  TCell. 
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Fig.  3.  (a)  The  SEM  image  for  a  tubular  photoanode  in  cross-section  view,  (b)  The 
transmission  spectrum  of  ITO  film  on  glass  slide. 


reveals  that  this  ITO  film  has  an  appreciable  transmittance.  When 
the  ITO  film  is  just  sputtered,  its  sheet  resistance  is  measured  and  it 
is  about  60  Q  square-1. 

4.2.  The  feature  of  TCell 
42  A.  The  opening  end 

In  literature  report,  a  fiber  cell  has  a  solid  structure  with  two 
opening  ends  [29,30].  In  contrast,  a  semi-closed  TCell  fabricated 
here  has  a  hollow  structure  with  only  one  opening  end.  When  one 
of  opening  ends  in  fiber  cell  is  irradiated,  part  lights  will  be  re¬ 
flected  away  on  this  solid  end.  However,  when  the  opening  end  of 
TCell  is  irradiated,  the  whole  irradiated  lights  can  enter  the  tube 
cavity  without  light  reflection  loss.  Therefore,  this  type  of  tubular 
geometry  is  more  beneficial  for  light  incidence  compared  to  fiber 
geometry. 

4.2.2.  The  PTL  thickness  of  TCell 

For  planar  or  fiber  DSSC  device,  PTL  thickness  is  demonstrated  a 
significant  parameter  on  cell  performance  [38,39].  In  order  to 
obtain  the  optimized  PTL  thickness  for  TCells,  we  fabricate  a  series 
of  TCells  with  the  same  tube  length  of  6  mm  but  different  PTL 
thicknesses  of  2, 3.3  and  5.4  pm.  Their  J—V  and  EIS  are  measured  at 
the  same  0  =  5°  for  effective  comparison.  The  effects  from  tube 
length  and  0  on  cell  performance  will  be  discussed  in  the  following 
sections.  Their  J—V  curves  are  shown  in  Fig.  4(a)  and  detailed  results 
are  listed  in  Table  1.  When  the  PTL  thickness  is  3.3  pm,  the  biggest 
PCE  of  2.04%  is  achieved.  Comparisons  of  Jsc,  Voc  and  FF  variation 
for  these  cells  are  made.  It  is  observed  that  the  Jsc  variation  is  the 
most  remarkable,  and  the  cell  which  gains  the  biggest  PCE  mainly 
depends  on  its  biggest  Jsc  value. 


Z'/n  cm2 

Fig.  4.  (a)  The  J—V  curves  and  (b)  Nyquist  plots  of  TCells  with  different  PTL  thickness. 
The  insets  of  (b)  are  the  equivalent  circuit  and  enlarged  plot  in  high  frequency  region. 


The  Nyquist  plots  of  these  TCells  are  shown  in  Fig.  4(b).  The 
equivalent  circuit  and  enlarged  curves  in  high  frequency  are  shown 
in  the  top  and  bottom  insets  of  Fig.  4(b),  respectively.  The  Rs ,  Act, 
CPE1  (or  CPE2)  and  Rce  mean  the  Ohm  series  resistance,  charge- 
transfer  resistance  at  CE/electrolyte  interface,  constant  phase 
element  and  charge-transfer  resistance  at  Ti02/dye/electrolyte 
interface,  respectively  [40,41  ].  These  parameters  are  fitted  by  Zview 
software  and  the  fitted  results  are  listed  in  Table  1.  Comparisons  of 
Rs,  Rct  and  Rqe  variation  are  made.  It  is  observed  that  the  Rce  vari¬ 
ation  is  the  most  remarkable,  and  the  cell  which  gains  the  biggest 
PCE  has  the  smallest  Rqe ,  A  thinner  PTL  signifies  less  light-gener¬ 
ated  electrons  [42],  and  a  thicker  PTL  signifies  longer  diffusion 
distance  for  the  light-generated  electrons  [43],  z.e.  the  bigger 
charge  recombination  rate.  It  is  reported  that  the  Rqe  can  increase  in 
these  two  cases  [43].  In  other  words,  the  Rqe  has  a  negative  rela¬ 
tionship  with  the  amount  of  light-generated  electron,  and  has  a 
positive  relationship  with  the  charge  recombination  rate.  There¬ 
fore,  here  the  smallest  Rqe  value  can  be  attributed  to  its  appropriate 
PTL  thickness.  In  general,  it  is  demonstrated  that  a  smaller  internal 
resistance  ( Rs ,  Act  or  Rqe)  of  DSSCs  is  corresponding  to  higher  cell 
performance  [44].  For  example,  it  is  reported  that  a  smaller  Rc e 
value  is  beneficial  to  the  Jsc  or  FF  values  for  DSSCs  [39,45],  and  the 
Rs,  Rct  or  Rce  value  has  a  negative  relationship  with  the  PCE  value 
[46].  Here,  for  these  TCells,  the  Rce  shows  a  negative  relationship 
with  the  Jsc  or  PCE  value,  which  is  in  accordance  with  the  literate 
report. 


Table  1 

The  J—V  characteristics  and  fitted  equivalent  resistances  for  TCells  with  different  PTL 
thickness. 


PTL  thickness 
(pm) 

Voc 

(V) 

Jsc 

(mA  cm” 

FF 

2) 

PCE 

(%) 

Rs 

(fi  cm2) 

Rct 

(fi  cm2) 

^CE 

(Q  cm2) 

2 

0.74 

2.91 

0.66 

1.42 

0.32 

0.10 

43.3 

3.3 

0.72 

4.17 

0.68 

2.04 

0.30 

0.10 

21.5 

5.4 

0.70 

3.76 

0.67 

1.76 

0.33 

0.12 

41.5 
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4.2.3.  The  light  incidence  angle 

To  study  the  influence  of  tube  length  and  0  on  TCell  perfor¬ 
mance,  we  fabricate  a  series  of  TCells.  They  have  the  same  PTL 
thicknesses  of  3.3  pm  (as  optimized  above),  but  different  tube 
lengths,  and  they  are  tested  with  different  6  values  in  J—V  and  EIS 
measurements.  The  relationship  between  PCE  and  6  by  different 
tube  lengths  is  summarized  and  shown  in  Fig.  5(a).  The  highest  PCE 
of  2.54%  is  achieved  by  TCell  with  3  mm  tube  length  at  6  =  5°.  The 
corresponding  V0cJsc  and  FF  values  are  0.71  V,  5.77  mA  cm-2  and 
0.62,  respectively.  This  TCell  is  denoted  as  TCell-m  in  the  following 
study  for  simplification.  The  tube  wall  is  a  necessary  part  of  tube. 
The  light  power  absorbed  by  tube  wall  is  calculated.  The  relation¬ 
ship  between  Pa  and  6  values  by  increasing  tube  length  is  shown  in 
Fig.  5(b),  where  the  Pa  values  are  normalized  by  their  maximum 
value.  For  clear  exhibition,  the  optical  paths  for  tube  walls  and 
complete  tubes  at  typical  6  values  are  drawn  in  Fig.  6  according  to 
their  real  sizes.  The  Nyquist  plots  of  cells  are  shown  in  Fig.  7  and  the 
corresponding  equivalent  resistances  are  listed  in  Table  2.  The 
equivalent  circuit  of  TCells  with  1.7  mm  tube  length  is  shown  in  the 
inset  of  Fig.  7(a),  and  that  of  TCells  with  3  and  6  mm  tube  length  is 
shown  in  the  inset  of  Fig.  4(b). 

As  shown  in  Fig.  5(b),  with  the  same  tube  length,  it  is  observed 
that  the  Pa  firstly  increases  from  zero  to  the  maximum  value  when 
the  6  increases  from  0°  to  about  5°,  and  then  it  decreases  to  zero 
when  the  6  increases  to  90°.  The  results  can  be  illustrated  with 
optical  path  analysis  as  follows.  With  the  same  tube  length  of  3  mm, 
the  optical  paths  of  tube  walls  at  typical  6  values  of  0,  5  and  45°  are 
shown  in  Fig.  6(a),  (b)  and  (c),  respectively.  It  is  observed  that 
incidence  light  (Pin)  decreases  with  increasing  6  value.  In  Fig.  6(a), 
all  entered  rays  exhaustively  exit,  indicating  Pin  =  Pout-  This  ex¬ 
plains  the  Pa  =  0  at  6  =  0°  in  Fig.  5(b).  In  addition,  no  rays  can  enter 
the  cell  at  6  =  90°,  indicating  Pin  =  0.  This  explains  the  Pa  =  0  at 
6  =  90°  in  Fig.  5(b).  In  Fig.  5(b),  the  maximum  PA  is  achieved  at 
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Fig.  5.  (a)  The  experimental  results  of  the  PCE  vs  light  incident  angle  for  TCells,  by 
different  tube  length,  with  3.3  pm  PTL  thickness,  (b)  The  calculation  results  of  the  light 
absorption  power  vs  light  incident  angle  for  tube  walls,  by  different  tube  length. 


d  ~  5°,  which  can  be  attributed  to  the  compromise  of  Pin  and  Pout 
variations. 

With  the  same  tube  length  of  3  mm,  the  optical  paths  of  com¬ 
plete  tube  geometry  at  different  6  values  of  0,  5  and  45°  are  shown 
in  Fig.  6(d),  (e)  and  (f),  respectively.  The  optical  path  comparisons 
between  the  tube  wall  and  corresponding  complete  tube  at  the 
same  6  are  made.  At  the  same  6  value,  it  is  clear  that  the  closed  end 
effectively  prevents  lights  from  leaking  out.  Therefore,  the  Pa  value 
of  complete  tube  is  bigger  than  that  of  tube  wall  at  the  same  6  value. 
This  role  of  closed  end  is  especially  obvious  at  a  smaller  6  value, 
such  as  0  or  5°,  as  shown  in  Fig.  6(d)  and  (e).  At  a  relatively  bigger  6 
value,  the  role  of  closed  end  is  weak,  because  most  light  power  can 
be  absorbed  by  tube  wall  during  multiple  light  reflections,  as 
shown  in  Fig.  6(f).  In  addition,  as  shown  in  Fig.  5(a)  and  (b),  it  is  at 
the  same  6  =  5°  that  the  PCE  of  complete  TCell  and  the  Pa  of  tube 
wall  both  achieve  their  maximum  values.  This  reveals  that  the  light 
absorption  of  tube  wall  plays  important  role  on  cell  PCE. 

In  the  case  of  the  same  tube  length,  comparisons  of  the  equiv¬ 
alent  resistances  for  these  TCells  are  made.  As  shown  in  Table  2  and 
Fig.  5(a),  with  the  same  tube  length,  it  is  observed  that  the  Pce 
variation  is  the  most  remarkable,  and  the  Pce  shows  a  negative 
relationship  with  the  PCE.  This  relationship  between  Pce  and  PCE 
further  confirms  the  result  deduced  in  Section  4.2.2.  When  the  tube 
length  is  3  or  6  mm,  the  minimum  Pce  is  achieved  at  6  =  5°.  As 
mentioned  above  of  this  section,  it  is  just  6  =  5°  where  the  Pa  of 
tube  wall  get  the  maximum  value.  A  bigger  PA  reveals  more  light¬ 
generated  electrons.  Therefore,  it  can  be  deduced  that  here  the 
smaller  PCe  can  be  mainly  attributed  to  the  bigger  PA  (or  more 
light-generated  electrons).  When  the  tube  length  is  only  1.7  mm, 
the  minimum  Pce  is  achieved  at  6  =  0°  but  not  0  =  5°,  which  does 
not  meet  the  regularity  deduced  above.  When  the  complete  tube  is 
1.7  mm  length,  the  lights  can  be  reflected  out  of  the  tube  cavity 
from  the  irradiated  opening  end,  as  shown  in  Fig.  6(i).  Therefore, 
this  irregularity  can  be  attributed  to  its  too  short  tube  length,  which 
makes  the  TCell  unable  be  regarded  as  an  effective  light-trapping. 

4.2.4.  The  tube  length 

The  effect  of  tube  length  on  PA  value  for  tube  wall  is  described  in 
Fig.  5(b).  It  is  observed  that  the  Pa  value  increases  with  increasing 
tube  length  at  a  fixed  6  value.  This  can  be  illustrated  with  optical 
path  analysis  as  follows.  At  the  same  0  =  5°,  the  optical  paths  of 
tube  walls  with  1.7,  3.3  and  6  mm  tube  lengths  are  shown  in 
Fig.  6(g),  (b)  and  (h),  respectively.  It  is  illustrated  that  more  inci¬ 
dence  lights  are  received  on  longer  tube  wall.  Therefore,  a  bigger  Pa 
value  (or  more  photo-generated  electrons)  can  be  obtained  with 
longer  tube  wall.  At  the  same  6  =  5°,  the  optical  paths  of  complete 
tube  geometries  with  1.7,  3  and  6  mm  tube  lengths  are  shown  in 
Fig.  6(i),  (e)  and  (j),  respectively.  It  is  illustrated  that  the  lights  can 
be  reflected  more  times  in  longer  complete  tube  until  they  are 
entirely  absorbed,  indicating  the  light  absorption  opportunity  in¬ 
creases  with  increasing  tube  length.  This  reveals  that  the  Pa  can 
increase  with  increasing  tube  length  for  complete  tubes,  until  the 
Pa  reaches  its  maximum.  With  the  same  tube  length,  the  optical 
path  comparisons  between  tube  wall  and  complete  tube  are  made. 
It  is  clear  that  the  lights  can  not  be  leaked  out  from  the  rear  closed 
end,  but  they  have  opportunity  to  escape  from  the  irradiated 
opening  end  by  light  reflection.  This  escape  has  been  discussed  in 
Section  4.2.3.  In  general,  with  the  same  tube  length,  the  complete 
tube  is  more  beneficial  to  light  absorption  compared  to  tube  wall 
because  of  its  semi-closed  geometry. 

As  shown  in  Fig.  5(a),  at  a  fixed  6  value,  the  experiment  result 
shows  that  the  PCE  of  TCell  generally  firstly  increases  and  then 
decreases  with  increasing  tube  length,  and  the  maximum  PCE  is 
achieved  by  the  TCell  with  3  mm  tube  length.  Comparisons  of  the 
equivalent  resistances  for  these  TCells  at  the  same  6  value  are  made. 
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Fig.  6.  The  optical  paths  for  tube  walls  and  complete  tube  geometries,  (a)  tube  wall,  6  =  0°,  L  =  3  mm.  (b)  tube  wall,  6  =  5°,  L  =  3  mm.  (c)  tube  wall,  6  =  45°,  1  =  3  mm.  (d)  tube, 
6  =  0°,  L  =  3  mm.  (e)  tube,  6  =  5°,  L  =  3  mm.  (f)  tube,  6  =  45°,  L  =  3  mm.  (g)  tube  wall,  6  =  5°,  L  =  1.7  mm  (h)  tube  wall,  6  =  5°,  L  =  6  mm.  (i)  tube,  6  =  5°,  L  =  1.7  mm  (j)  tube,  6  =  5°, 
1  =  6  mm.  The  L  signs  tube  length.  The  bar  in  bottom  right  corner  is  for  real  size. 


At  a  fixed  6  value,  the  Rs  or  PCT  values  increases  with  increasing  tube 
length.  The  increase  of  Rs  can  be  attributed  to  the  increase  of  tube 
length,  because  the  electrons  need  pass  longer  distance  in  longer 
tube  to  arrive  outer  circuit.  The  increase  of  Rcr  can  also  be  attributed 
to  the  increase  of  tube  length,  because  the  Rcr  can  be  positively 
affected  by  Rs  [44].  At  a  fixed  6  value,  the  Rc e  decreases  with 
increasing  tube  length.  As  discussed  above  of  this  section,  bigger  Pa 
can  be  obtained  in  longer  complete  tube  until  the  Pa  reaches  its 
maximum.  In  addition,  bigger  charge  recombination  rate  can  be 
obtained  in  longer  complete  tube  because  of  bigger  cell  area.  As 
discussed  in  Section  4.2.2  and  4.2.3,  the  Pce  has  a  negative  rela¬ 
tionship  with  the  Pa,  and  has  a  positive  relationship  with  the  charge 
recombination  rate.  Therefore,  here  the  decreasing  PCe  can  be 
attributed  to  the  dominant  effect  of  increasing  Pa.  According  to  the 
relationship  between  internal  resistance  and  cell  performance  as 
discussed  in  Section  4.2.2,  the  resulting  PCE  variation  here  can  be 
attributed  to  the  two  competitive  affecting  factors,  i.e.  Rs  (or  Pct) 
and  Pce  values.  When  the  tube  is  too  short  such  as  1.7  mm,  the 
smaller  PCE  can  be  attributed  to  the  dominant  negative  effect  of 
bigger  Pc e,  which  is  caused  by  smaller  PA.  When  the  tube  is  too  long 
such  as  6  mm,  the  smaller  PCE  can  be  attributed  to  the  dominant 


negative  effect  of  bigger  Rs  (or  Rcr),  which  is  caused  by  bigger  cell 
area.  Therefore,  when  the  tube  is  3  mm  length,  the  biggest  PCE  is 
due  to  the  compromise  of  the  two  affecting  factors. 

4.3.  Performance  comparison  of  TCell  and  PCell  under  1  Sun  light 
intensity 

4.3 A.  The  effects  of  photoanode  structure 

In  our  previous  reported  works,  the  optimized  PCE  of  a  planar 
DSSC  with  Pt  CE  is  about  6%  under  1  Sun  illumination  [44,47]. 
However,  in  this  work  the  PCE  values  of  TCells  are  much  smaller. 
The  possible  reason  is  analyzed  as  follow. 

In  our  previous  reported  works,  the  PTL  thickness  is  about 
14  pm.  However,  the  PTL  thickness  of  optimized  TCell,  i.e.  TCell-m, 
is  only  3.3  pm,  which  is  smaller  than  that  of  PCell.  On  the  basis  of 
discuss  in  Section  4.2.2,  the  thinner  PTL  maybe  a  reason  for  the 
much  lower  PCE  of  TCell-m. 

In  our  previous  reported  works,  the  photoanode  substrate  is  a 
commercial  FTO  glass.  Its  sheet  resistance  is  about  14  Q  square-1. 
This  FTO  substrate  can  undergo  annealing  in  high  temperature.  In 
this  work,  the  TCO  layer  of  TCell-m  is  ITO  fabricated  by  magnetron 
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Fig.  7.  (a)  The  Nyquist  plots  of  TCells  with  1.7  mm  tube  length  and  different  test  0 
values.  The  insets  are  the  equivalent  circuit  and  enlarged  plots  in  high  frequency  re¬ 
gion.  (b)  The  Nyquist  plots  of  TCells  with  3  and  6  mm  tube  lengths  at  different  test  6 
values.  The  inset  is  enlarged  plots  in  high  frequency  region. 


sputtering.  The  PTL  of  TCell-m  is  fabricated  by  two  times  of  porous 
Ti02  coating  and  annealing  processes.  Therefore,  the  ITO  layer  on 
TCell-m  undergoes  three  times  of  annealing,  one  of  which  is  for  DTL 
fabrication  and  other  two  are  for  PTL  fabrication.  Before  the  ITO— 
sputtered  glass  is  annealed,  its  sheet  resistance  is  about 
60  0  square-1,  as  mentioned  in  Section  4.1.  After  this  glass  is 
annealed  at  500  °C  for  15  min  with  three  times,  it  is  observed  that 
the  ITO  sheet  resistance  increases  to  about  200  O  square-1,  indi¬ 
cating  the  high  temperature  anneal  increases  the  ITO  sheet  resis¬ 
tance.  The  200  Q  square-1  may  be  the  real  sheet  resistance  of  ITO 
layer  for  tested  TCells.  The  sheet  resistance  of  this  ITO  film  is  much 
bigger  than  that  of  the  FTO,  which  maybe  a  reason  for  the  much 
lower  PCE  of  TCell-m. 

In  addition,  in  our  previous  reported  works,  the  photoanode  and 
CE  for  PCell  are  tightly  put  together,  as  mentioned  in  Section  2.2.2. 
In  this  work,  the  diameter  of  tubular  photoanode  is  very  small  but 
the  wrapped  Pt  metal  foil  CE  is  stiff.  Therefore,  an  inevitable  gap 
exists  between  the  photoanode  and  CE  in  TCell,  which  maybe  also  a 
reason  for  the  much  lower  PCE  of  TCell-m. 


Table  2 

The  fitted  equivalent  resistances  for  TCells  with  the  same  PTL  thickness  of  3.3  pm  but 
different  tube  length  and  different  test  6  value. 


Tube  length 
(mm) 

Test  6  value 
(°) 

Rs  (Q  cm2) 

Rct  (fl  cm2) 

Rce  (Q  cm2) 

1.7 

0 

0.13 

- 

29.0 

1.7 

5 

0.12 

- 

30.0 

1.7 

45 

0.13 

- 

31.5 

3 

0 

0.16 

0.05 

28.6 

3 

5 

0.17 

0.04 

27.5 

3 

45 

0.15 

0.10 

29.8 

6 

0 

0.32 

0.08 

22.5 

6 

5 

0.30 

0.10 

21.5 

6 

45 

0.32 

0.11 

28.8 

For  exploring  the  influences  of  PTL  thickness,  TCO  sheet  resis¬ 
tance  and  gap  width  on  cell  performance,  a  series  of  contrast  ex¬ 
periments  are  carried  out.  The  experiments  are  carried  out  on 
PCells  for  simplification.  Three  different  kinds  of  planar  photo¬ 
anodes  are  fabricated,  and  relevant  PCells  are  assembled.  A  PCell  is 
fabricated  and  denoted  as  PCell-F-t.  Its  photoanode  is  fabricated 
with  the  parameters  described  in  our  previous  reported  works 
[44,47].  Its  CE  is  the  flat  Pt  foil  which  is  the  same  as  that  used  in 
TCell-m.  The  second  PCell  is  denoted  as  PCell-F.  The  only  difference 
between  PCell-F  and  PCell-F-t  is  PTL  thickness.  The  PTL  thickness  of 
PCell-F  is  only  3.3  pm,  which  is  the  same  as  that  of  TCell-m  for 
comparison.  The  third  PCell  is  denoted  as  PCell-I.  The  only  differ¬ 
ence  between  the  PCell-I  and  PCell-F  is  photoanode  substrate.  The 
photoanode  substrate  of  PCell-I  is  the  as-annealed  ITO-sputtered 
glass  fabricated  by  magnetron  sputtering.  The  photoanode  of  PCell- 
I  can  be  regarded  as  a  flatted  photoanode  of  TCell-m.  The  detailed 
geometry  parameters  of  these  PCells  are  listed  in  Table  3. 

The  J—V  characteristics  of  these  PCells  are  measured  and  listed 
in  Table  3.  The  tested  6  and  irradiated  area  of  these  PCells  are  both 
the  same  as  those  of  TCell-m  for  comparison.  It  is  observed  that  the 
PCE  values  of  PCell-F-t,  PCell-F  and  PCell-I  are  6.18%,  5.71%  and 
2.67%,  respectively.  The  PCE  of  PCell-F-t  is  close  to  that  reported  in 
our  previous  work  [44].  Compared  to  PCell-F-t,  the  PCell-F  shows 
smaller  PCE  mainly  because  of  its  smaller  Jsc-  The  structure  differ¬ 
ence  of  PCell-F  and  PCell-F-t  indicates  that  the  smaller  PCE  (or 
smaller  Jsc  value)  of  PCell-F  is  because  the  thinner  PTL  of  PCell-F 
generates  less  photo-generated  electrons  [43].  Compared  to 
PCell-F,  the  PCell-I  shows  smaller  PCE.  Comparisons  of  VocJsc  and 
FF  variations  for  the  two  cells  are  made.  It  is  observed  that  the  FF 
variation  is  the  most  remarkable.  The  structure  difference  of  PCell-I 
and  PCell-F  indicates  that  the  much  smaller  PCE  (or  much  smaller 
FF  value)  of  PCell-I  is  because  of  its  much  bigger  sheet  resistance  of 
TCO  layer.  Similar  results  were  reported  in  literature  [48-50]. 

4.3.2.  The  effects  of  gap  width  between  photoanode  and  CE 

The  influence  of  gap  width  on  cell  performance  is  discussed  as 
follows.  The  gap  is  deliberately  generated  by  inserting  a  Teflon  film 
between  the  photoanode  and  CE  in  original  PCell-F.  The  gap  width 
can  be  adjusted  by  changing  the  thickness  of  Teflon  film.  The  gap- 
inserted  cells  are  denoted  as  PCell-F-gl  and  PCell-F-g2  when  the 
thicknesses  of  Teflon  film  are  100  and  200  pm,  respectively.  Their  J— 
V  characteristics  are  listed  in  Table  3.  The  PCE  values  of  PCell-F, 
PCell-F-gl  and  PCell-F-g2  are  5.71%,  4.91%  and  4.38%,  respec¬ 
tively.  It  is  observed  that  the  PCE  decreases  with  increasing  gap 
width.  Comparisons  of  Jsg  Voc  and  FF  variation  for  the  three  cells 
are  made.  The  Voc  and  Jsc  variation  are  more  remarkable,  which 
may  be  attributed  to  the  bigger  resistance  of  electrolyte  in  wider 
gap  [46].  A  similar  result  has  been  reported  in  literature  [51  ].  On  the 
basis  of  discussions  in  Section  4.3.1  and  4.3.2,  it  can  be  summarized 
that  the  PCE  varies  positively  to  the  PTL  thickness,  but  inversely  to 
TCO  sheet  resistance  and  gap  width  for  PCells. 


Table  3 

The  geometry  parameters  and  J—V  characteristics  of  PCells  with  different  photo¬ 
anode  structure  and  different  gap  width. 


Cell 

TCO 

Sheet 

resistance  of 
TCO 

(O  square-1) 

PTL 

thickness 

(pm) 

Gap 

width 

(pm) 

Voc 

(V) 

Jsc 

(mA 

cm-2) 

FF 

PCE 

(%) 

PCell-F-t 

FTO 

14 

14 

— 

0.68 

14.65 

0.62 

6.18 

PCell-F 

FTO 

14 

3.3 

- 

0.67 

13.97 

0.61 

5.71 

PCell-F-gl 

FTO 

14 

3.3 

100 

0.73 

10.35 

0.65 

4.91 

PCell-F-g2 

FTO 

14 

3.3 

200 

0.74 

9.24 

0.64 

4.38 

PCell-I 

ITO 

200 

3.3 

- 

0.64 

13.03 

0.32 

2.67 

PCell-I-g2 

ITO 

200 

3.3 

200 

0.73 

5.69 

0.54 

2.24 
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In  order  to  study  the  total  effect  of  PTL  thickness,  TCO  sheet 
resistance  and  gap  width  on  cell  performance,  a  PCell  is  assembled 
by  inserting  a  200  pm  Teflon  film  in  original  PCell-I.  This  cell  is 
denoted  as  PCell-I-g2.  Its  J—V  characteristics  are  listed  in  Table  3. 
The  PCE  of  PCell-I-g2  is  only  2.24%,  which  is  much  smaller  than  that 
of  PCell-F-t,  PCell-I  or  PCell-F-g2.  Therefore,  in  comparison  to  the 
PCE  of  PCell-F-t,  the  much  smaller  PCE  of  TCell-m  can  be  explained 
by  the  synergic  effects  of  its  thinner  PTL,  much  larger  TCO  sheet 
resistance  and  wider  gap.  In  other  words,  the  PCE  of  TCell  has  po¬ 
tential  to  be  improved  if  these  parameters  are  improved.  This 
improvement  will  be  carried  out  in  our  future  works. 

4.4.  Performance  comparison  of  TCell  and  PCell  under  increasing 
light  intensity 

4.4 A.  The  temperature 

When  solar  cells  are  irradiated,  the  light  can  be  transformed  into 
heat  besides  electricity  [52].  The  heat  plays  important  role  on  the 
photoelectric  characteristics  of  DSSCs  [53,54].  For  studying  the  in¬ 
fluence  of  cell  geometry  on  photo-generated  heat,  the  surface 
temperatures  of  photoanode  in  two  typical  cells  with  different 
geometries  are  studied.  The  studied  TCell  and  PCell  are  TCell-m  and 
PCell-F-t,  respectively.  The  temperature  is  identified  with  an 
infrared  thermometer.  The  measurement  is  carried  out  with  the 
same  6  =  5°  for  the  two  cells.  The  temperature  dependences  on 
light  intensity  are  shown  in  Fig.  8.  It  is  observed  that  the  temper¬ 
atures  of  two  cells  both  increase  with  increasing  light  intensity,  and 
the  increase  rate  of  TCell-m  is  smaller  than  that  of  PCell-F-t.  The 
smaller  increase  rate  of  TCell-m  is  probably  because  the  tubular 
geometry  is  beneficial  to  heat  dissipating  compared  to  the  planar 
counterpart.  This  can  be  attributed  to  the  bigger  volume  of  tubular 
geometry. 

4.4.2.  The  long-term  stability  of  cells 

For  studying  the  influence  of  cell  geometry  on  cell  performance 
in  different  light  intensity,  three  typical  cells  are  studied  for  com¬ 
parison.  The  three  cells  are  TCell-m,  PCell-F-t  and  PCell-I-g2.  The 
PCell-F-t  (or  PCell-I-g2)  is  chosen  because  of  its  maximum  (or 
minimum)  PCE  of  PCells  in  this  work.  In  other  words,  the  PCell-F-t 
(or  PCell-I-g2)  can  represent  the  high-efficiency  (or  low-effi¬ 
ciency)  PCell,  respectively.  In  the  following  study  of  increasing  light 
intensity,  the  total  irradiated  time  for  one  cell  tested  in  each  light 
intensity  is  less  than  1  h,  and  the  maximum  irradiated  light  in¬ 
tensity  is  5  Sun.  For  studying  the  stability  of  the  three  cells  in  long¬ 
term  illumination,  their  J—V  characteristics  are  persistently 
measured  under  5  Sun  illumination  in  the  range  of  1  h.  The  Voc  Jsc. 
FF  and  PCE  variation  are  shown  in  Fig.  9(a),  (b),  (c)  and  (d), 


Light  intensity/Sun 


Fig.  8.  The  temperature  variation  with  increasing  light  intensity  for  PCell-F-t  and 
TCell-m.  The  results  with  standard  error  are  obtained  from  five  measurements  and 
error  bars  are  presented. 


Fig.  9.  The  variation  of  (a)  V0c,  (b)  Jsc ,  (c)  FF  and  (d)  PCE  for  TCell-m,  PCell-F-t  and 
PCell-I-g2  with  the  increase  of  irradiation  time  under  5  Sun.  The  results  with  standard 
error  are  obtained  from  five  samples  and  error  bars  are  presented. 


respectively.  For  each  parameter,  the  measured  values  are 
normalized  by  the  values  obtained  at  0  h.  The  values  at  0  h,  i.e.  the 
values  obtained  at  5  Sun,  can  be  identified  in  the  cell  performance 
variation  with  increasing  light  intensity,  which  will  be  shown  in  the 
following  section.  For  the  three  cells,  the  FF  value  almost  remains 
constant.  The  Voc.  Jsc  and  PCE  all  decrease  with  increasing  irradi¬ 
ated  time.  These  variation  regulations  are  similar  to  those  reported 
in  literature  [53,55].  These  can  be  attributed  to  the  electrolyte 
evaporation  or  heat  effect  [56  .  Compared  to  the  Voc  and  FF  varia¬ 
tion,  the  Jsc  variation  is  more  remarkable.  The  Jsc  decrease  rate  of 
TCell-m  is  smaller  than  those  of  other  two  PCells,  probably  because 
the  heat  effect  for  the  TCell  is  weaker,  as  discussed  in  Section  4.4.1. 
After  1  h,  the  PCE  values  of  three  cells  all  decrease  by  about  5%.  The 
stability  order  is  TCell-m  >  PCell-I-g2  >  PCell-F-t.  The  PCell-I-g2  is 
more  stable  than  PCell-F-t.  This  is  probably  because  the  lights  have 
more  probability  to  penetrate  through  the  thinner  PTL  of  PCell-I-g2, 
and  then  give  weaker  heat  effect. 

4.4.3.  The  study  of  cell  performance  under  increasing  light  intensity 

With  increasing  light  intensity,  the  variations  of  J—V  character¬ 
istics  for  the  three  typical  cells  are  studied.  Their  Voc  Jsc.  FF  and  PCE 
variations  are  shown  in  Fig.  10(a),  (b),  (c)  and  (d),  respectively.  For 
each  parameter,  the  measured  values  are  normalized  by  the  values 
obtained  at  1  Sun  illumination,  as  shown  in  Section  4.2.3  and 
Table  3.  For  the  parameter  of  Voc  Jsc.  FF  or  PCE,  it  is  observed  that 
the  variation  affected  by  irradiated  time  (Fig.  9)  is  much  smaller 
than  that  affected  by  light  intensity  (Fig.  10).  Therefore,  the  irradi¬ 
ated  time  effect  is  ignored  in  the  following  study.  The  study  here 
focuses  more  the  performance  comparison  between  TCell  and 
PCell,  so  the  comparison  between  two  PCells  (PCell-F-t  and  PCell-I- 
g2)  is  not  carried  out  in  detail. 

As  shown  in  Fig.  10(a),  with  increasing  light  intensity,  the  Voc 
values  of  PCells  (PCell-F-t  and  PCell-I-g2)  decrease,  and  that  of 
TCell-m  increases.  It  is  reported  that  decreasing  Voc  can  be  caused 
by  increasing  charge  recombination  rate  affected  by  increasing 
temperature,  and  increasing  V0c  can  be  caused  by  increasing  charge 
generation  rate  affected  by  increasing  light  intensity  [57].  As 
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Fig.  10.  The  variation  of  (a)  Voc,  (b)  Js c.  (c)  FF  and  (d)  PCE  for  TCeil-m,  PCeil-F-t  and 
PCell-I-g2  with  the  increase  of  light  intensity.  The  results  with  standard  error  are 
obtained  from  five  samples  and  error  bars  are  presented. 


discussed  in  Sections  4.4.1  and  4.4.2,  the  temperature  plays  more 
serious  negative  effect  on  PCell  (PCell-F-t  or  PCell-I-g2)  compared 
toTCell-m.  Therefore,  the  decreasing  Voc  of  PCell-F-t  (or  PCell-I-g2) 
can  be  attributed  to  the  greater  negative  effect  from  increasing 
temperature,  and  the  increasing  V0c  of  TCell-m  can  be  attributed  to 
the  greater  positive  effect  from  increasing  light  intensity. 

As  shown  in  Fig.  10(b),  the  Jsc  values  of  three  cells  all  increase 
with  increasing  light  intensity,  and  the  increase  rate  of  TCell-m  is 
bigger  than  that  of  PCell  (PCell-F-t  or  PCell-I-g2).  As  discussed  in 
Section  4.2.2  and  4.2.3,  the  increasing  JSc  can  be  attributed  to 
increasing  Pa,  increasing  charge  generation  rate  or  decreasing 
charge  recombination  rate.  As  discussed  in  entire  Section  4.2,  the 
tubular  geometry  of  TCell-m  is  demonstrated  an  effective  light¬ 
trapping  to  absorb  light.  Therefore,  it  can  be  deduced  that  the 
tubular  geometry  of  TCell-m  is  beneficial  to  gain  increasing  PA  value 
and  increasing  charge  generation  rate  with  increasing  light  in¬ 
tensity.  On  the  other  hand,  it  can  be  deduced  the  tubular  geometry 
of  TCell-m  is  adverse  to  gain  decreasing  charge  recombination  rate 
with  increasing  light  intensity  because  of  its  large  cell  area. 
Therefore,  here  the  bigger  increase  rate  of  Jsc  for  TCell-m  can  be 
attributed  to  the  dominant  effect  of  increasing  PA  value  or 
increasing  charge  generation  rate. 

As  shown  in  Fig.  10(c),  the  FF  values  of  three  cells  all  decrease 
with  increasing  light  intensity,  and  the  decrease  rate  of  TCell-m  is 
smaller  than  that  of  PCell  (PCell-F-t  or  PCell-I-g2).  Under 


Fig.  11.  The  Nyquist  plots  of  PCell-F-t  and  PCell-I-g2.  The  inset  is  the  equivalent  circuit 
for  PCell-I-g2. 


Table  4 

The  fitted  equivalent  resistances  of  PCell-F-t  and  PCell-I-g2  under  1  Sun. 


Cell 

Rs  (fi  cm2) 

Rct  (fl  cm2) 

Rce  (fl  cm2) 

ZN  (Q  cm2) 

PCell-F-t 

5.43 

1.38 

3.80 

- 

PCell-I-g2 

32.80 

1.40 

7.15 

7.78 

illumination,  a  high  electron  accumulation  must  be  expected 
because  photo-generated  electrons  are  not  extracted  at  the  elec¬ 
trode  contact  [58-60].  This  electron  accumulation  can  increase 
charge  recombination  rate,  and  then  limit  charge  diffusion  in 
photoanode  thereby  to  decrease  the  FF  value  [14,55].  Therefore, 
here  the  smaller  decrease  rate  of  FF  for  TCell-m  is  probably  because 
its  large  volume  can  effectively  relieve  this  diffusion  limitation. 

As  shown  in  Fig.  10(d),  the  resulting  PCE  of  TCell-m  remains 
about  85%  of  its  original  value,  even  if  the  irradiated  light  intensity 
increases  from  1  to  5  Sun.  In  contrast,  the  PCE  of  PCells  decreases  to 
about  60%  of  its  original  value,  whether  the  original  PCE  of  PCell  is 
high  (PCell-F-t)  or  low  (PCell-I-g2).  This  demonstrates  that  the  TCell 
is  relatively  stable  even  in  intense  light  illumination  compared  to  a 
planar  counterpart. 

With  increasing  light  intensity,  the  equivalent  resistance  varia¬ 
tions  of  the  three  cells  are  studied.  Under  1  Sun,  the  Nyquist  plots  of 
PCell-F-t  and  PCell-I-g2  are  shown  in  Fig.  11.  The  equivalent  circuit 
of  PCell-F-t  is  shown  in  the  inset  of  Fig.  4  (b),  and  that  of  PCell-I-g2 
is  shown  in  the  inset  of  Fig.  11,  where  the  Zn  is  the  diffusion 
impedance  of  electrolyte  [61  .  The  corresponding  equivalent  re¬ 
sistances  are  listed  in  Table  4.  It  is  observed  that  the  Rs  value  of 
PCell-F-t  is  bigger  than  that  of  TCell-m,  which  can  be  attributed  to 
the  thicker  PTL  and  assembly  method  of  PCell-F-t.  The  PCell-F-t  is 
formed  by  a  mask  covered  planar  DSSC,  as  described  in  Section  2.3. 
The  photo-generated  electrons  in  PCell-F-t  need  pass  through 
excessive  TCO  region  under  mask  before  they  reach  the  external 
circuit.  Therefore,  the  Rs  value  of  PCell-F-t  is  relatively  big. 

The  Rs,  Rct  and  Rc e  variation  are  shown  in  Fig.  12(a),  (b)  and  (c), 
respectively.  The  Zjy  variation  is  not  discussed  because  only  PCell-I- 
g2  shows  Zjy  and  lack  of  reference  from  other  cells.  It  is  observed 
that  the  Rs,  Rct  and  Rc e  values  for  these  cells  all  decrease  with 
increasing  light  intensity.  For  these  cells,  compared  to  the  decrease 
rate  of  Rs  or  Rc t,  that  of  Rc e  is  more  remarkable.  The  Rc e  decrease 
rate  of  TCell-m  is  bigger  than  that  of  PCell  (PCell-F-t  or  PCell-I-g2). 


Fig.  12.  The  variation  of  (a)  Rs,  (b)  Rct  and  (c)  Rc E  for  TCell-m,  PCell-F-t  and  PCell-I-g2 
with  the  increase  of  light  intensity.  The  results  with  standard  error  are  obtained  from 
five  samples  and  error  bars  are  presented. 
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Fig.  13.  An  illustration  of  optical  paths  in  condenser  solar  cell  system  with  light  collector  of  (a)  PCell  and  (b)  TCell. 


On  the  basis  of  discussions  in  Section  4.2.2  and  4.2.3,  it  can  be 
deduced  that  the  Rc e  variation  is  affected  by  three  factors  including 
Pa,  charge  generation  rate  and  charge  recombination  rate.  Here,  the 
bigger  Rc e  decrease  rate  of  TCell-m  is  probably  because  the  positive 
effect  from  increasing  Pa  (or  increasing  charge  generation  rate) 
exceeds  the  negative  effect  from  increasing  charge  recombination 
rate.  For  the  PCells,  the  relatively  small  Pce  variation  of  PCell-F-t  can 
be  attributed  to  the  relatively  strong  negative  effect  of  increasing 
charge  recombination  rate  because  of  heat,  as  discussed  in  Section 
4.4.2,  and  the  relatively  small  Rce  variation  of  PCell-I-g2  can  be 
attributed  to  the  relatively  weak  positive  effect  of  increasing  PA 
because  of  its  thinner  PTL,  as  discussed  in  Section  4.2.2.  A  smaller 
Pce  value  is  proposed  beneficial  to  cell  performance,  as  discussed  in 
Section  4.2.2  and  4.2.3.  Therefore,  the  variation  regulations  of  Rce 
further  confirm  those  of  cell  performance  as  discussed  in  the  first 
part  of  this  section. 

5.  Application  prospect 

In  this  work,  the  TCell  with  appropriate  structure  is  demon¬ 
strated  an  effective  light-trapping  DSSC  under  parallel  illumination 
generated  by  a  Solar  Simulator.  However,  in  real  condenser  solar 
cell  system,  the  solar  cell  collector  is  generally  irradiated  by 
converged  light.  The  light  paths  in  condenser  solar  cell  system  with 
PCell  and  TCell  collector  are  plotted  in  Fig.  13(a)  and  (b),  respec¬ 
tively.  It  is  clear  that  the  TCell  can  more  effectively  harvest  light 
with  its  light-trapping  geometry,  compared  to  the  PCell.  Therefore, 
based  on  the  discussions  above,  it  can  be  deduced  that  the  TCell  has 
potential  as  an  effective  light  collector  with  stable  PCE  in  wide  light 
intensity  range  in  real  condenser  solar  cell  system. 

6.  Conclusion 

A  semi-closed  TCell  is  developed  and  demonstrated  an  effective 
light-trapping  when  its  opening  end  is  irradiated.  Its  hollow 
opening  end  can  effectively  make  the  lights  enter  tube  cavity 
without  light  loss,  and  rear  closed  end  can  effectively  prevent  lights 
from  leaking  out,  especially  at  small  light  incidence  angle.  The 
maximum  PCE  of  2.54%  is  achieved  for  TCell  when  its  PTL  is  3  mm 
length  and  3.3  pm  thickness,  and  light  incidence  angle  is  5°.  This 
PCE  has  potential  to  be  improved  if  the  device  structure  is  further 
optimized.  Experiment,  calculation  and  light  path  analysis 
demonstrate  that  the  tubular  geometry  is  beneficial  to  light  ab¬ 
sorption,  charge  transport  and  heat  dissipation,  in  comparison  to  its 
planar  counterpart.  The  PCE  of  TCell  can  remain  about  85%  of  its 
original  value  even  if  the  irradiated  light  intensity  increases  from  1 
to  5  Sun,  in  contrast,  that  of  planar  counterpart  decreases  to  about 
60%  of  its  original  value.  This  feature  makes  the  TCell  has  potential 
as  an  effective  light  collector  in  condenser  solar  cell  system. 
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